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vSummary 
Polymer pipes used in drinking water distribution networks and household installations 
leach organic compounds into consumers’ water. For example, new polyethylene pipes 
can leach between < 0.1 and 5 mg organic carbon per liter after three days of water 
exposure. A small percentage of these are phenols, ketones and quinones, and two of the 
most common compounds are found in concentrations up to 16 g/L and 44 g/L for 
2,6-di-tert-butyl-p-benzoquinone and 7,8-di-tert-butyl-1-oxaspiro(4,5)deca-6,9-dien-
2,8-dion, respectively. Furthermore, a small percentage of the organic compounds 
released can be assimilated by microorganisms and therefore will increase the biofilm 
growth in the water pipes.  
To obtain a deeper knowledge of the physical and chemical parameters that affect the 
measured concentrations, the film-layer theory and a mass balance for a pipe is used to 
derive an equation to compute the outlet concentration of a given pipe. This equation 
shows that the concentration of organic compounds in the pipe, its diffusion coefficient 
in water and its partition coefficient at the water polymer interface are the chemical 
parameters which have an affect the concentration. The physical parameters of 
importance are the pipe diameter, flow rate and length of pipe. The equation further 
shows that if the water in a pipe has a turbulent flow, the outlet concentration of organic 
compounds becomes significantly greater compared to water with a laminar flow.  
By using the knowledge of the degradation reactions of polyethylene chains in a 
polymer matrix, it is derived that the antioxidant is degraded by a first order reaction 
with respect to the oxygen concentration. In the presence of hypochlorous acid a second 
order depletion of the antioxidants Irganox® 1010 and 1076 is observed. This is 
implemented in a model that uses the equation for the flux, valid for pipes with flowing 
water, and the theoretical partition coefficient at the water polyethylene interface. The 
model is valid for predicting the depletion of Irganox® 1076 in a cross-linked 
polyethylene pipe type A that is exposed to water with oxygen and hypochlorous acid. 
Moreover, the model is shown to be valid for the prediction of Irganox® 1010 and 
Irgafos® 168 depletion in a high-density polyethylene pipe presented in the literature.  
vi
The maximum outlet concentration of a given compound in consumers’ drinking water 
is the product of the partition coefficient at the water polyethylene interface and the 
migrants’ concentration in the polymer at the interface. If one applies the water n-
octanol partition coefficients as the theoretical water polyethylene partition coefficients, 
the maximum concentration of Irganox® 1010 in drinking water exposed to Danish PE 
pipes is between 1.5 and 2.0 ag/L (1 ag = 10-18 g).  
A new solvent extraction technique is developed to extract and detect Irgafos® 168 and 
Irganox® 1076 and five degradation products. The technique uses a rotary Microtome 
to make slices of the pipe wall with a thickness of 5 m. By using Hildenbrand’s 
solubility theory and Fick’s second law of diffusion, it was derived that 24 hours of 
extraction in chloroform will ensure that more than 99% of the antioxidants and its 
degradation products are extracted from the polymer to the solvent. The results are used 
to define whether the antioxidant composition is homogeneous. A two-way ANOVA 
analysis on Irganox® 1076 in a cross-linked polyethylene pipe type A (PEXa) indicates 
that the composition is homogeneous in the radial direction and heterogeneous in the 
longitudinal direction. This heterogeneous composition will cause varying fluxes of 
migrants along the pipe. This signifies that the certification procedure for new pipes ISO 
8795:2001 should apply for long polyethylene pipe (e.g. 10 m) to obtain a 
representative concentration of the migrants in the exposed water. 
The types of migrants can be sorted into two groups. One group contains the 
compounds that show up in the first period of the pipes lifetime, and which are small 
polyethylene chains with a polar oxygen group and degradation products of the 
antioxidants as phenols, ketones and quinones that are formed in the manufacturing 
process. The second group contains organic compounds as phenols, ketones and 
quinones that are formed in the depletion of the antioxidants inside the polymer matrix. 
These are the migrants that can be expected in the lifetime of the pipe. The length of the 
first time period is computed to be within the first three years of application for PEX 
pipes, whereas HDPE pipes in the distribution network never reach the end of the first 
period within the practical lifetime of the pipe (Approximately 100 years).  
vii
Danish summary 
Plastrør til anvendelse i drikkevandsforsyning og VVS installationer i husstande frigiver 
organiske stoffer til forbrugernes drikkevand. For eksempel er det fundet at nye poly-
ethylenrør kan frigive mellem < 0,1 og 5 mg organiskkarbon per liter i løbet af tre dage 
med vand eksponering. En lille procentdel af denne masse vil være fenoler, ketoner og 
quinoner, hvoraf de to mest almen fundne stoffer er 2,6-di-tert-butyl-p-benzoquinon og 
7,8-di-tert-butyl-1-oxaspiro(4,5)deca-6,9-dien-2,8-dion. Disse er i litteraturen blevet 
målt i koncentrationer op til hhv. 16 g/L og 44 g/L. Denne migration af organiske 
stoffer øger væksten af biofilm i vandrør. Dette skyldes at en lille procentdel af de 
frigivne stoffer vil bliver assimileret af mikroorganismerne. 
For a opnå en dybere forståelse for de fysiske og kemiske parametre som har betydning 
for de i litteraturen målte koncentrationer, er film-lags teorien og en massebalance for et 
rør anvendt til at udlede en ligning til beregning af en migrants udløbskoncentration fra 
et rør. Denne ligning viser at de to kemiske parametre af betydning er migrantens diffu-
sionskoefficient i vand og dens fordelingskoefficient på vand polymer grænsefladen. De 
fysiske parametre af betydning er rørdiameter, strømningshastighed og rørlængde. Lig-
ningen indikerer yderligere at vand med en turbulent strømning, vil have markant højere 
udløbskoncentrationer af organiske stoffer end vand med en laminar strømning. 
Ved at anvende viden i litteraturen om nedbrydningsreaktioner af polyethylenkæder i 
polymermassen, er det udledt at antioxidanterne bliver nedbrudt ifølge en første ordens 
reaktion med hensyn til iltkoncentrationen. Ved tilstedeværelse af hypochlorsyrling 
(HOCl) vil en anden ordens nedbrydning af antioxidanterne Irganox® 1010 og 1076 
blive observeret. Dette er implementeret i en model til beregning af nedbrydningen af 
antioxidanter i rørvæggen. Dertil anvendes ligningen for migranternes flux og migrant-
ernes teoretiske fordelingskoefficient på vand polyethylene grænsefladen. Modellen er 
fundet gyldig til beregning af nedbrydningen af Irganox® 1076 i et krydsbundet poly-
ethylen rør (PEX) af typen A, som er eksponeret med vand indeholdende oxygen og 
hypochlorsyrling. Derudover er det vist, at modellen kan anvendes ved beregning af 
Irganox® 1010 og Irgafos® 168 nedbrydning i et højdensitet polyethylen rør (HDPE).  
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Den maksimale udløbskoncentration af et givent organisk stof i forbrugernes drikke-
vand er produktet af fordelingskoefficienten på vand polyethylen grænsefladen og 
migrantens koncentration i polymeren ved grænsefladen. Hvis man anvender vand n-
octanol fordelingskoefficienten som den teoretiske vand polyethylen fordelingskoef-
ficient, vil den maksimale koncentration af Irganox® 1010 i drikkevand eksponeret af 
danske polyethylenrør blive mellem 1,5 og 2,0 ag/L (1 ag = 10-18 g). 
En ny solventekstraheringsteknik er udviklet, således at Irgafos® 168 og Irganox® 
1076 og fem af antioxidanternes nedbrydningsprodukter kan kvantificeres. Teknikken 
anvender en drejelig Microtome således, at der kan laves snit med tykkelsen 5 m af 
plastrørvæggen. Ved anvendelse af Hildebrand’s opløselighedsteori og Fick’s anden 
diffusionslov er det fundet, at en ekstrahering i kloroform i 24 timer sikrer, at 99% af 
antioxidanterne og deres nedbrydningsprodukter er ekstraheret fra plasten til solventen. 
Resultaterne er anvendt til at definere om antioxidantsammensætningen er homogen. En 
tovejs ANOVA analyse af Irganox® 1076 i et kryds-bundet polyethylen (PEX) rør af 
typen A, viser at sammensætningen er homogen i den radiale retning men heterogen i 
længde retningen. Denne heterogene sammensætning vil betyde varierende migrationer 
af organiske stoffer langs røret. Dette betyder at certificeringsproceduren for nye rør, 
ISO 8795:2001, burde eksponere et langt polyethylenrør (e.g. 10 m) for at opnå en 
repræsentativ migrantkoncentration i det eksponerede vand. 
Migranterne kan blive delt ind til to grupper. Den første gruppe består af de migranter, 
som vil blive frigivet i den første periode af et rørs levetid. Disse vil være små poly-
ethylen kæder med en polær oxygengruppe og antioxidanternes’ nedbrydningsprodukter 
dvs. fenoler, ketoner og quinoner, som er dannet under produktionen af røret. Den 
anden gruppe består af organiske stoffer som fenol, keton og quinon der er dannet under 
nedbrydningen af antioxidanterne inde i polymermassen. Disse migranter kan forventes 
at blive frigivet i hele rørets levetid. Længden af den første tidsperiode er fundet til at 
være inden for rørets første tre års anvendelse for PEX rør, hvorimod HDPE rør ikke når 
at afslutte første tidsperiode i vandrørs praktiske levealder (omkring 100 år). 
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11. Introduction 
The use of polyethylene (PE) pipes for drinking water distribution and household 
installations is continuously increasing since the product was introduced on the Danish 
market in the 1960’ies (Water Panel 2004). The main reason is that PE material 
enhances the flexibility of the pipes and decreases the manufacturing and installation 
costs compared to pipes of for example ductile steal, copper or polyvinylchloride 
(PVC). On the other hand, research has shown that PE pipes affect the water quality as 
they leach organic compounds. That was first presented by Anselme et al. (1986) who 
made a field study on a 300 m high-density PE (HDPE) pipe that released enough 
species to affect both the taste and odor of the consumers’ drinking water. Moreover, 
they quantified the concentration increase of 2,6-di-tert-butyl-4-ethylphenol and 2,6-di-
tert-butyl-4-methylquinone in the drinking water flowing in the HDPE pipe to 0.12 
g/L and 3.3 g/L, respectively. Later, Brocca et al. (2002) documented eight aromatic 
and two cyclic compounds i.e. eight phenols, one ketone and one quinone that could be 
detected in water exposed to HDPE and cross-linked PE (PEX) pipes. Additionally, 
Skjevrak et al. (2003) observed that three days of stagnant water exposure to seven 
different HDPE pipes caused a concentration increase between 0.02 g/L and 5 g/L of 
2,4-di-tert-butyl phenol. Skjevrak et al. (2003) quantified the volatile organic 
compounds (VOC) in the seven experimental setups to range between 1.3 g/L and 8.4 
g/L. The exposure experiment used by Skjevrak et al. (2003) was based on ISO 
8795:2001. This standardized method was also used to study the leakage of the different 
compounds observed by Brocca et al. (2002) from three different HDPE pipes (Nielsen 
et al. 2005) and seven PEX pipes (Nielsen et al. 2007). They found that the maximum 
concentration of a single compound released from the HDPE pipes was 1.5 g/L for 
2,6-di-tert-butyl-p-benzoquinone, and five other phenols were found to be greater than 
0.05 g/L in concentration. However, concentrations of 2,6-di-tert-butyl-p-
benzoquinone were documented to be up to 16 g/L in the exposure experiments of the 
PEX pipes. Moreover, 7,8-di-tert-butyl-1-oxaspiro(4,5)deca-6,9-dien-2,8-dion were 
quantified up to 44 g/L and five aromatic hydrocarbons were found above the 
quantification limit of 0.05 g/L. In the work by Nielsen et al. (2007) the nonvolatile 
organic carbon (NVOC) was found in seven PEX pipes and had concentrations between 
2< 0.1 to 5.1 mg/L and < 0.1 to 0.7 mg/L for the first and fourth exposure period of three 
days, respectively. These findings indicated that the sum of the eight aromatic 
hydrocarbons and two cyclic hydrocarbons quantified only represented a small 
percentage of the total leaching of organic compounds. Other researchers have focused 
on the effect of leached organics on biological growth in the drinking water by 
quantifying the assimilable organic compounds (AOC). Results by Corfitzen et al.
(2002) and (2004) showed that water exposed to PE pipes has a higher AOC than water 
exposed to PVC. In other words, the biological growth is larger in PE than PVC pipes. 
As an example, Nielsen et al. (2007) have shown that water exposed to two new PEX 
pipes for three days had an AOC of 10 g/L and 15 g/L in their third exposure period. 
Although these described publications are comprehensive, none of them have given a 
clear indication of which physical and chemical conditions are responsible for the 
measured concentrations. Hence, one way to obtain a deeper knowledge of which 
chemical and physical parameters are responsible for the measured concentrations is to 
derive a model that can compute the rate of migration. Moreover, the knowledge of the 
flux can be used to compute the outlet concentration of a given organic compound in a 
pipe with a given flow rate.  
In a field study by Nielsen et al. (2005) the outer region of the water distribution system 
was investigated in order to obtain a long residence time in the HDPE pipes. That was 
considered to be a “worst case” approach as the outlet concentration was assumed to be 
directly proportional to the residence time. However, Limm and Hollifield (1995) 
showed that mixing in water will cause an increased leakage of organic compounds 
compared stagnant water. Mixing takes place in the distribution network when the flow 
rate becomes large enough so the water flow changes from laminar to turbulent flow. 
This means there is a need to evaluate the effect on the outlet concentration when 
changing from laminar to turbulent flow.  
The described work (Nielsen et al. 2005 and 2007, Skjevrak et al, 2003 and Brocca et 
al. 2002) on identifying and quantifying compounds in water exposed to polymer pipes 
did not focus on the composition inside the polymer matrix. This means it is not 
possible to specify the origin of the detected organic compounds. There are a number of 
3techniques available for extracting antioxidants and their degradation products from 
polymers. The most commonly used is the solvent extraction technique (Bolgar et al.
2008), although this technique has to be modified to ensure a complete extraction of the 
desired compounds. Moreover, the solvent extraction techniques are often using more 
than 1 g of solid polymer for each analysis, e.g. Haider & Karlsson (1999) used 3 g and 
Lundbäck et al. (2006) used 1.5 g. This could cause practical difficulties in 
experimentally measuring a concentration profile of antioxidants and other aromatic 
hydrocarbons in a pipe wall with a thickness of for example 2 mm based on 10 points, 
unless there are long longitudinal cuts made with a defined thickness of 0.2 mm. 
Therefore, there is a need to develop an extraction technique that requires less polymer 
mass than commonly used, and the required extraction time and a suitable solvent also 
needs to be defined.  
When investigating the depletion of antioxidants and degradation of PE materials, there 
are two different theories proposed. One assumes a migration of antioxidants to the 
water and subsequently, antioxidant degradation takes place (Gandek et al. 1989-2 and 
Smith et al. 1992). The second theory presumes that the antioxidant inhibits the chain 
degradation of the polymer inside the matrix, from which the antioxidant transforms 
into an inert degradation product inside the polymer (Gugumus et al. 1998). The first 
theory is commonly used to model the depletion of the antioxidant activity in PE pipes 
exposed to water (Smith et al. 1992 and Lundbäck et al. 2006). However, the second 
theory is commonly applied when investigating the reaction mechanisms taking place 
for oxygen and the PE chains in e.g. mixing of PE granular before extrusion. In research 
concerning the release of organic compounds from PE pipes to water, it is important to 
identify the main migrant. Is it the antioxidant itself or its inert degradation product? To 
answer that question there is a need to derive an equation for the depletion of the 
antioxidant inside the polymer and implement it in a model that can compute the 
antioxidant depletion in a pipe wall.  
Polymers are not only degraded due to exposure to oxygen. For example, chlorinated 
water is also a second source of antioxidant degradation. Drinking water is often 
chlorinated since it provides a safety barrier that prevents microbial contamination. 
4However, research has shown that reactive hypochlorous acid migrates into the polymer 
pipe and degrades the antioxidant (Hassinen et al. 2004). No previous publications have 
presented a model on the depletion of antioxidants inside the polymer when it is 
exposed to chlorinated water. This means that reactions involving hypochlorous acids 
reactions with the antioxidant should be incorporated in future models for computing 
antioxidant depletion inside the polymer.  
In this study, a new model for computing the antioxidant depletion has been tested on a 
pipe that contains an antioxidant composition measured with the developed extraction 
technique and is exposed to water with and without hypochlorous acid. Secondly, the 
model is tested on the results presented in Hassinen et al. (2004) as they present an 
exposure experiment that has well defined conditions. 
The overall purpose of the present project is to establish equations to determine the flux 
of organic compounds from polymer pipes to water. In order to analyze the effect of 
flow a model to compute the outlet concentration of a given compound in a pipe is 
developed. A model is implemented to compute the antioxidant depletion inside the 
polymer matrix when exposed to aerobic and chlorinated water. Moreover, in order to 
verify the models an extraction technique is developed to determine the concentration 
profile of antioxidants and potential degradation products at the pipe wall. The papers 
that form the basis of the conclusions are included in the appendix. 
52. Polymer pipes in drinking water distribution 
networks 
The use of PE pipes in the Danish drinking water distributions networks and households 
installations has become commonplace. PE pipes replace abraded eternit pipes, PVC 
pipes and ductile steel pipes in subsoil distribution networks in cities. In households, 
copper pipes and stainless steel are commonly replaced by PEX pipes. On the whole, PE 
pipes have become the most commonly used polymer pipe (Water Panel 2004). A 
similar material, polypropylene (PP), is also used as a pipe material, although not to the 
same degree. PP and PE materials are similar because they are both polyolefin’s and 
have similar mechanical properties. In Figure 1 the materials used in distribution 
network in 78 Danish water supplies are shown. 
PVC
51%
PE
16%
Other materials
2%
Eternit
8%
Doctile steal
23%
Figure 1: Percentage distribution of pipe materials used in the distribution networks of 78 Danish water 
supplies in 2002, i.e. 45% of the total water consumption. (Water Panel, 2004) 
Four main categories of PE pipes exist, differing mainly on density and cross-linking:   
• Low density PE (LDPE)  
6• Medium density PE (MDPE)  
• High density PE (HDPE) 
• Cross-linked PE (PEX) 
LDPE, MDPE and HDPE are used in every section in the network i.e. transporting raw 
water into the waterworks, the main pipes in the network and service pipes from the 
network into households. These are further categorized into its long-term hydrostatic 
strength, e.g. PE 80 and PE 100 (Murphy 1996).  
PEX pipes are used as hot and cold water pipes within buildings. Due to the pipes’ 
cross-linked polymer structure, it has a unique functionality of being flexible and strong 
even for hot water applications. This makes the pipe preferable when installing pipes to, 
for example, kitchen taps, white goods or under-floor heating.  
In Europe the method used to manufacture the PEX pipes needs to be labeled on the 
pipe. There are three methods used and are labeled with the letters A, B and C, e.g. 
PEXa: 
A. The Engel or organic peroxide method is manufactured by mixing peroxide with 
PE in the extrusion steps at temperatures above the crystalline melting 
temperature. Typically used peroxides are; di-(tert-butyl peroxy isopropyl) 
benzene, di-tert-butyl peroxide, dicumyl peroxide, 2,5-dimethyl-2,5-di-(tert-
butylperoxy) hexane and 1,1-di-(tert-butyl-peroxy)-3,5,5-trimethylcyclohexane. 
(Murphy 1996) 
B. The silane cross-linking method is done by grafting reactive groups onto the PE 
molecules by addition of silanes and often with a small amount of peroxide in 
the extrusion process. Water or moisture is used to affect the cross-linking and 
tin is used to catalyze the reaction. Typical silane agents are; 
vinyltriethoxysilane, vinyltrismethoxyethoxysilane and 3-methacryloxy-
propyltrimethoxysilane. (Murphy 1996) 
C. The electron beam processing method is the “clean” method as it does not 
provide any cross-linking agents. The source to facilitate the cross-linking is a 
beam of high-energy electrons on the polymer chains. (Water Panel 2004) 
73. Manufacturing techniques and stabilization 
3.1. Extrusion 
From source to a finalized polyethylene pipe there are a number of manufacturing steps 
where different suppliers are involved. Initially, ethylene is either made by high 
molecular weight hydrocarbons from refined oil cracked over zeolite catalysts or by 
steam cracking of gaseous or light liquid hydrocarbons at 750-950°C. A further 
distillation and compression step separates the ethylene from other products. This step is 
typically seen at oil refineries. A further step is to polymerize the ethylene into 
polyethylene. The choice of polymerization technique, physical property and catalyst 
affects the structure of the polyethylene chains produced. The known techniques are 
free-radical polymerization to manufacture LDPE and Ziegler-Nattan catalysts for 
HDPE. Additives as antioxidants are then added to the polymerized PE and are dried 
and stored as powder or granulate. The final step is the extrusion of the polymerized PE 
into pipes. That is commonly done by adding PE granulates into a continuous mixer, 
which is an extrusion screw. At the outlet of the screw, the material is led through a 
heated cylinder to obtain a molten polymer and is pressed through a nozzle that forms 
the pipe. The formed pipe is lead through a calibration unit that controls and regulates 
the dimensions of the pipe. The warm pipe is lead through a vacuum cooling section 
that ensures that the pipe does not collapse in the first cooling process. The second and 
final cooling process uses the spray cooling technique. Before delivering the end 
product to the distributers, the pipe is labeled and packaged. (Murphy 1996, Plastic 
Industry 2005) 
3.2. Degradation 
Polyethylene and other polyolefins age and lose physical properties, such as breaking 
strain. The reason for this occurring is the initiation of a chain breaking reaction that is 
known to take place in the presence of oxygen. Parameters such as heat, light (high 
energy radiation), mechanical stress, catalytic residues and reaction with impurities are 
known to be the sources for the initiation of polyethylene degradation. Further, a large 
number of possible radical reactions have been derived to explain experimental data 
8obtained by Gugumus (2002) and Iring & Tüdös (1990). The chain breaking reactions 
taking place in the thermal oxidation of PE can be simplified to six dominating 
reactions. These are shown in Table 1. (Bart 2005, Gugumus 1998)  
Table 1: The thermal oxidation reactions taking place on a polyethylene chain. RH is the hydrocarbon in 
the PE chain. R• is the alkyl, RO• is the alkyl oxide and RO2• is the peroxy radicals. RO2H is the 
hydroperoxide. 
Initiation: 
RH + O2 ⎯→⎯ 1k R• + •2HO  (1)
Radical oxidation: 
R• + O2 ⎯→⎯ 2k RO2• (2)
Polymer hydroperoxide formation: 
RO2• + RH ⎯→⎯ 3k RO2H +R• (3)
Polymer hydroperoxide decomposition: 
RO2H ⎯→⎯ 4k RO• + •OH (4)
Alcohol/radical formation: 
RO• + RH
⎯→⎯ 5k ROH + R• (5)
Water/radical formation: 
•OH + RH
⎯→⎯ 6k R• + H2O (6)
Iring & Tüdös (1990) demonstrated a thermal degradation of polyethylene in the 
presence of oxygen. The following groups of organic species were detected as 
degradation products formed in the thermal oxidation of polyethylene:  
• Ketones 
• Aldehydes 
• Alcohols 
• Carboxylic acids 
The specific structure of the four groups formed in the PE degradation is difficult to 
predict, as the chain breaking takes place at random locations. Water and carbon dioxide 
are also found as products in the PE degradation. The four groups of species are formed 
by supplementary radical reactions that take place in the thermo-oxidation of PE. (Iring 
& Tüdös 1990)  
9There are other forms of initiation reactions, but according to Gugumus (2000). 
Reaction (1) in Table 1 is the one that requires the least amount of energy to be initiated. 
Only with a high level of shear forces will a breakage of the PE chains take place and 
form free radicals that will initiate a further oxidation. The shear forces are typically 
seen in the mixing of the polyethylene or when the molten polymer is forced through 
the nozzle. 
3.3. Stabilization 
Stabilizers are added to the polymer in order to minimize the degrading reactions of 
polyethylene. There are two types of antioxidants used in polyethylene; primary and 
secondary antioxidants. The primary antioxidant inhibits the hydroperoxide formation 
that is shown in Reaction (3) in Table 1. The secondary antioxidant prevents 
hydroperoxide decomposition that is shown in Reaction (4) in Table 1. 
The primary antioxidant is typically a hindered phenol such as 2,6-di-tert-butyl phenols. 
It reacts two times with the radical peroxide and forms an inactive product. These are 
shown as Reaction (1) and (2) in Table 2. The phenol is transformed into a inactive 
quinone or ketone (Piringer & Baner 2000). A list of approved additives for PEX and 
PE pipes is shown in the report by the Water Panel (2004). The list indicates that the 
typical primary antioxidants used in Danish PE-pipes are Irganox® 1010, 1076 and 
1330.  
The primary antioxidant is added because it is found to protect the primary antioxidant 
from degradation in the processing. It is also found to be of use when the polymer is 
used at elevated temperatures. The approved secondary antioxidant used in Danish PE-
pipes is Irgafos® 168. It has the ability to transform polymer hydroperoxide into 
polymer alcohols (Reaction (3) in Table 2).  
A third type of additive is termed Hindered Amine Light Stabilizers (HALS) and is used 
as a metal and light inhibitor. One example of this stabilizer approved to be used in 
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Danish PE-pipes is Tinuvin® 622. It is known to be a multifunctional additive, as it 
works both as a primary and secondary antioxidant in addition to it being a HALS. 
HALS is highly efficient to act as free radical scavengers. Hence, it has the ability to 
rapidly remove the species formed after light exposure and which leads to oxidative 
degradation. Moreover, the stabilizer become more effective after the additive has been 
consumed, due to the fact that the products are hydroxylamines and hydroxylamine 
ethers which are both able to trap the peroxy radical (RO2•) (Bart 2005). 
Table 2: Table of the stabilization reactions that takes place on a polyethylene chain. IH is a 2,6-di-tert-
butylphenol group, I• is the dissociated 2,6-di-tert-butylphenol group, (AO)3P is tris(2,4-di-tert-
butylphenyl) phosphite (Irgafos® 168) and (AO)3P=O is tris(2,4-di-tert-butylphenyl) phosphate. The 
remaining species is explained in Table 1. 
Primary antioxidant stabilization reactions: (Gugumus 1998) 
RO2• + IH ⎯→⎯ 7k RO2H + I• (1)
RO2• + I• ⎯→⎯ 8k Inactive degradation product (2)
Secondary antioxidant stabilization reactions: (Piringer & Baner 2000) 
RO2H + (AO)3P ⎯→⎯ 9k ROH + (AO)3P = O (3)
3.4. Other additives 
It is known from the list of accepted additives for Danish polymer pipes that it is 
common to add the compounds calcium stearate, zinc stearate, silicium dioxide and 
titanium dioxide as stabilizer and lubricants. Carbon black is also often added as both a 
stabilizer and color pigment. Beside these compounds, a large number of antioxidant 
types are added in order to stabilize, lubricate and serve as pigments. Some of the 
compounds also increase the strength of the polymer because they work as composites. 
In what sense the additive composition affects the size of the diffusion coefficient and 
the partition coefficient for the antioxidants is unknown since no relevant research has 
yet been made. 
11
4. Leaching of organic compounds from PE pipes 
to water 
4.1. Pioneer research 
Among the first published results demonstrating that polyethylene pipes leak organic 
compounds to drinking water was work performed by Anselme et al. (1986). In their 
investigation in France, they stated that when drinking water flows 300 m in a HDPE 
pipe a significant change in taste and odor could be observed. A further analysis of the 
water indicated that leaching of organic compounds from the synthetically 
manufactured polyethylene pipes caused the change in water quality. The paper by 
Anselme et al. (1986) concludes that the leakage can be reduced by using an inert 
atmosphere in the granular mixing and pipe extrusion as well as by reducing the 
extrusion temperature to below 200°C. The paper also stated that there should be 
additives used with high molecular weights to prevent a high level of phenol migration. 
Knowing that polyethylene pipes release organic molecules to the water has led some 
countries to make restrictions to what extent PE pipes affects water quality. The 
International Organization of Standardization (ISO) has made a test procedure that is 
used by a large number of countries worldwide as a first step in the certification of new 
PE drinking water pipes. The name of the standardization method used today is ISO 
8795:2001 and is summarized in Table 3. Further analyses on drinking water are 
individually decided by the individual countries’ authorities. In Denmark, ISO 
8795:2001 is used and the water quality requirements are shown in Table 3. The Danish 
requirements have a reputation of being among the strictest in the world. 
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Table 3: A short description of the test method ISO 8795:2001 and the requirements that shall be fulfilled 
for pipes used in Danish networks and households. 
ISO 8795:2001 for cold water applications: 
1. The pipe is filled with tap water and kept stagnant for 24 ± 0.5 h at 23°C2. 
2. A prewash with tap water is made. The flow velocity is 2 to 4 m/min for 60-70 
min. 
3. Migration test 
a. Fill the pipe with MilliQ1 water and keep stagnant for 72 ± 1 h2 at 23°C2. 
b. Step 3.a. is repeated n times. 
Following requirements shall be fulfilled for pipes used in Danish networks or 
household installations (Water Panel 2004): 
 No significant change in odors and taste. 
 No visual change. 
 Increase in Total Organic Carbon (TOC) content below 0.3 mg/L in 3rd
extraction. 
 Decrease in TOC from 1st till 3rd extraction of step 3.a. 
1. MilliQ is not a specific requirement but is typically fulfilling the requirements that state that the conductivity should be below 10 
mS/m at 25°C and TOC content is below 0.2 mg/L. 
2. For hot water pipes and applications the temperatures should be 90°C and stagnation time is 24 ± ½ h.
4.2. Detected species in water exposed to PE materials 
The ISO 8795:2001 method has further been used in research projects by Brocca et al.
(2002), Skjevrak et al. (2003) and Koch (2004) to detect some of the individual 
migrants in water exposed to PE pipes. Brocca et al. (2002) documented eight aromatic 
hydrocarbons and two cyclic hydrocarbons that potentially could be degradation 
products from antioxidants used in PE pipes. These species were eight phenols one 
quinone and one ketone. Skjevrak et al. (2003) investigated specific volatile organic 
compounds and found up to five groups of species in water exposed to a HDPE pipe; 
esters, aldehydes, ketones, terpenoids, aromatic hydrocarbons and cyclic hydrocarbons. 
Koch (2004) completed a PhD thesis regarding gas chromatographic methods for 
detecting organic compounds in water exposed to PE pipes. He also found a large 
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number of species belonging to different groups. Therefore, the overall conclusion is 
that the use of ISO 8795:2001 indicates that PE pipes are found to release different 
types of organic compounds.  
Other researchers have used non-standard methods to detect migrants. For example, 
Anselme et al. (1985 and 1986) published data on the migration of organic compounds 
from PE pipes. Ho et al. (1994) tested the off-flavor from HDPE pipes and found 
alkanes, alkenes, aldehydes, ketones, parafins, olefins, phenols and quinones. More than 
100 compounds have been identified, and Appendix A shows the species listed into 
groups of paraffins, olefins, alcanes, alkenes, alcohols, ethers, benzenes, cyclohexanes, 
aromatic hydrocarbons, terpenoids, ketones, aldehydes, esters, phtalates, organic acids, 
peroxides, phenols and quinones. In addition, the type of material from which the 
species is detected is also mentioned. The list indicates that a wide range of organic 
species may be found migrating from PE materials into water.  
An evaluation of the identified compound shows that 2,6-di-tert-butyl-p-benzoquinone, 
7,8-di-tert-butyl-1-oxaspiro(4,5)deca-6,9-dien-2,8-dion and 2,4-di-tert-butylphenol are 
the three compounds that are observed most often in water exposed to PE materials. The 
two quinones are known as degradation products of the primary antioxidant in its 
stabilizing reactions with the polymer (Piringer & Baner 2000). The phenol is known as 
one of the degradation products formed when the secondary antioxidant Irgafos® 168 is 
stabilizing the polymer (Piringer & Baner 2000). 7,8-di-tert-butyl-1-oxaspiro(4,5)deca-
6,9-dien-2,8-dion is tentatively detected and quantified by Nielsen et al. (2005 & 2007) 
and is not shown in other literature to be a degradation product of antioxidants. 
However, Piringer & Baner (2000) shows that ketones similar to 7,8-di-tert-butyl-1-
oxaspiro(4,5)deca-6,9-dien-2,8-dion can be formed as a degradation products of 
Irganox® 1076 and 1010 in their stabilizing reactions. 
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4.3. Three groups of migrants 
Even though there are a large number of different species detected in water exposed to 
polyethylene pipes, Denberg et al. (2007) categorize the compounds into three groups of 
migrants: 
1. Additives like antioxidants, e.g. Irganox® 1010, 1076, 1330 or Irgafos® 168. 
2. Degradation products formed by radical reactions of antioxidants, i.e. phenols, 
ketones and quinones. 
3. Broken PE chains that in general have a functional polar oxygen group, i.e. 
alcohol, ketone, aldehyde and carboxylic acids. 
In Figure 2 the chemical structure of the most common migrants is illustrated. The eight 
phenols, one ketone and one quinone entitled as degradation products of antioxidants is 
presented in Brocca et al. (2002). However, Nielsen et al. (2005) corrected the ketone 
presented in Brocca et al. (2002). It is Cyclo hexa 1,4-dien, 1,5-bis (tert-butyl), 6-on,4-
(2-carboxyethylidene) which Nielsen et al. (2005) concluded to be 7,9-di-tert-butyl-1-
oxaspiro(4,5)deca-6,9-dien-2,8-dion, refer to Figure 2.  
According to Denberg et al. (2007), the formation of antioxidant degradation products 
takes place in the manufacturing of the PE pipe. This is due to the extrusion temperature 
above the PE’s glass transition temperature and the mechanical forces both in the 
mixing of the granular and when the polymer is pressed through the nozzle, causing an 
initiation of the chain-breaking process. However, as presented in the article by Denberg 
et al. (Submitted no. 2), the antioxidants which degrade inside the polymer matrix in the 
lifetime of the pipe may contribute to the formation of degradation products. That is 
because oxygen migrates into the polymer and initiates a degradation reaction of the 
polymer which is then stopped by the antioxidants. These phenomena are further 
evaluated in Section 7.  
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Figure 2: Chemical structure of common antioxidants, degradation products formed by oxidative 
degradation of the PE chains and degradation products of antioxidants, as eight phenols, one quinone and 
one ketone. 7,9-di-tert-butyl-1-oxaspiro(4,5)deca-6,9-dien-2,8-dione is tentatively detected and quantified 
by Nielsen et al. (2005 & 2007) and 3,5-di-tert-butyl-4-hydroxystyrene is tentatively detected and 
quantified by Brocca et al. (2002) and Nielsen et al. (2005 & 2007). 
Irganox® 1010 
Irganox® 1076 
Irganox® 1330 
Irgafos® 168 
Common antioxidants 
                 4-ethylphenol     4-tert-butylphenol   2,6-di-tert-butyl-p- 
                                                                                benzoquinone 
                    2,4-di-tert-butylphenol   3,5-di-tert-butyl-4-hydroxystyrene 
 3,5-di-tert-butyl-4-   3,5-di-tert-butyl-4-hydroxy         7,9-di-tert-butyl-1-
hydroxybenzaldehyde          acetophenone       oxaspiro(4,5)deca-6,9-dien-2,8-dione 
    3-(3,5-di-tert-butyl-4-hydroxyphenyl)         3-(3,5-di-tert-butyl-4-
                methylpropanoate                       hydroxyphenyl) propanoic acid
     Common degradation products Common oxidative degradation 
products formed on PE chains 
Ketones 
Aldehydes 
Alcohols 
Carboxylic acids 
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5. Modeling of the migrants’ concentration in 
water 
Modeling the concentration development of organic species which have migrated from 
polyethylene materials to foods and liquids other than water has been widely studied in 
the food packaging industry and research communities. A model developed by the 
mathematician Crank (1970) predicts the concentrations of additives and other migrants 
in food which are in contact with polymers, in which a complete mixing in the food 
phase is assumed. In addition, the work by Gandek et al. (1989-1 & 1989-2) has also 
modeled the release of additives from polyethylene sheets to water. They did not 
assume complete mixing and used the film layer theory to determine the flux of 
additives. It is similar to the work by Smith et al. (1992) who modeled the release of 
additives from polymer pipes to water, due to the fact that hydraulics in the water phase 
is important to the rate of migration. Limm & Hollifield (1995) clarify the difference 
between migration from polymer to water and liquid foods such as corn oil. They 
conclude that the mixing of water causes an increased migration compared to stagnant 
water in contact with polymers. However, there was no significant effect of mixing for 
migration to corn oil for which Crank’s model is valid. 
The assumption that the rate of migration is independent of the level of mixing has 
contributed to some false outcomes. For example, a Danish consulting company 
performed a field study for the Danish EPA on leaching of organic compounds from 
polyethylene pipes used in the distribution network (Nielsen et al. 2005). They probably 
assumed that the concentration in water of the migrants is directly proportional to the 
residence time, as they chose to do measurements on a site where the water had the 
longest possible residence time in the distribution network. However, that assumption 
may not be valid if the hydraulics is important as presented by Limm & Hollifield 
(1995). 
Gandek et al. (1989-1 and 1989-2) and Smith et al. (1992) interpolated the magnitude of 
the mass-transfer coefficient, ki, to obtain the most proper fit to experimental data. 
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However, as it is presented in Denberg et al. (2007) the mass-transfer coefficient does 
not have to be unknown. The heat-transfer coefficient can be computed if the flow 
properties in a pipe are known. Table 4 summarizes the equations needed to compute 
the mass-transfer coefficients and how to use them when computing the flux and outlet 
concentration for a pipe of a given migrant, i.  
Table 4: Equations needed to compute the flux and outlet concentration of a given migrant from a pipe. 
(Denberg et al. 2007) 
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As presented in Table 4 there are two flow domains of importance: laminar and 
turbulent. These two domains have significantly different flow properties. In the laminar 
domain, all the water molecules move in the flow direction, while in the turbulent 
domain they will move in the radial direction at the same time as they move in the flow 
direction. In other words, the turbulent domain will cause mixing and increase the flux 
of migrants. To demonstrate the effect of going from laminar to turbulent flow, Denberg 
et al. (2007) illustrated in Figure 3 the outlet concentration vs. residence time in a pipe 1 
km long with an internal diameter of 20 cm. The Figure clearly indicates that going 
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from laminar to turbulent flow significantly increases the outlet concentration as the 
residence time decreases. As it is known that the size of the molecule affects the 
diffusion coefficient of the migrant in water, e.g. larger molecules have smaller 
diffusivity, the Figure also presents the effect of the migrants’ diffusivity in water. The 
Figure concludes that the smaller molecules will have greater migrations. In practice, 
the water flow in the main pipelines is turbulent but in country house regions the water 
consumption is small enough to obtain a laminar flow (Boe-Hansen 2001). This means, 
the migrant concentration in the consumers tap near main pipelines will be higher than 
water from a country house tap if the water has had an identical residence time in two 
PE pipes with the same composition. 
Figure 3: Outlet concentration for two migrants with a diffusion coefficient, Dw,i, of 10-9 and 10-10 m2/s, 
respectively, versus residence time in a pipe with an inner diameter of 20 cm and a length of 1 km. The 
change in flow domain can occur momentarily in the transition domain. The dotted line for the laminar 
flow is the maximum obtainable outlet concentration if the water velocity changes momentarily from zero 
to a given velocity. The water density is 1000 kg/m3 and the viscosity is 0.001 kg·m-1·s-1. (A copy of 
Figure 6 in Denberg et al. 2007) 
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In Table 4 the equation for the maximum obtainable concentration in the consumer’s tap 
water is presented. It is the product of the water polyethylene partition coefficient and 
the migrant’s concentration inside the polymer matrix. The paper by Denberg et al.
(2007) has collected experimental data from the literature for the water polyethylene 
partition coefficient for three different antioxidants. These are presented in Figure 4 and 
have a mean value of 1.5510-4. Moreover, it is published by the Danish Water Panel 
(2004) that the maximum granted amount of Irganox® 1010 is between 1500 and 2000 
mg pr. kg PE pipe. This means the maximum obtainable concentration of Irganox® 
1010 in the consumers’ water is computed to be between 0.2 and 0.3 mg/L. These 
conclusions are based on the theory used by Smith et al. (1992), Gandek et al. (1989-1 
and 1989-2) and Bertoldo & Ciardelli (2004) who all assumes that the only source for 
antioxidant depletion inside the polymer matrix is their flux to the water. In Section 7 
the applied theory is evaluated and an alternative theory is developed. 
Figure 4: Partition coefficients, Kw/p,i, for BHT, Irganox® 1010 and Irganox® 1076 versus temperature, 
experimentally determined by Gandek et al. (1989-2) and Bertoldo & Ciardelli (2004). Kw/p,i is for BHT 
measured at both a HDPE/water and a LLDPE/water interface, respectively. Irganox® 1076 is measured 
at a LDPE/water interface, and Irganox® 1010 is measured on LDPE. The three measurements at 70°C 
are from Bertoldo & Ciardelli (2004), all of which use Crank’s model in the computation of the partition 
coefficient on experiments made on polypropylene and two copolymers of ethylene-propylene. (A copy 
of Figure 3 in Denberg et al. 2007) 
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6. Determination of composition in polyethylene 
pipes 
In modeling the release of organic compounds from polyethylene pipes to water, one of 
the key issues is to determine the concentration of the species in the polymer matrix. 
This is because the outlet concentration of a given pipe is linearly proportional to the 
concentration in the polymer matrix at the inner surface. Thus, there is a profound need 
for a technique that can measure both antioxidants and degradation products near the 
inner pipe wall. Moreover, in the study of antioxidant depletion (see Section 6) it is 
required that the extraction technique can be used to determine the concentration profile 
of the species in the radial direction. As the composition of degradation products 
typically is unknown in the pipe material, there is a need to determine the detection 
limits (DL) and quantification limits (QL) for the species.  
Concerning the extraction of antioxidants from polymer materials, there has been a 
number of techniques developed from which the following can be outlined: (Bolgar et 
al. 2008) 
• Dissolution of polymer in suitable solvent. 
• Sonication uses ultrasound energy to agitate the release of additives in a suitable 
solvent. 
• Soxhlet extraction is a solvent extraction technique at temperatures near the 
solvents boiling point to accelerate extraction. 
• Supercritical fluid extraction uses CO2 below its supercritical temperature to 
solubilize and extract additives. 
These techniques could all be used as extraction techniques to fulfill the mentioned 
requirements, although some of them are mainly designed to extract polymers with a 
mass higher than 1 g, e.g. Haider & Karlsson (1999) used 3 g and Lundbäck et al.
(2006) used 1.5 g in their solvent extraction method. In Denberg et al. (Submitted no. 1) 
there is a simple extraction technique developed that makes it possible to extract as little 
as 4 mg polymer which corresponds to a cylinder with a diameter of 5 mm and a width 
of 200 m. In this work the DL and QL for both Irganox® 1076 and five degradation 
products have been determined. The results are presented in Table 5.  
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Table 5: Detection limit (DL) and quantification limit (QL) for six species in 4 mg pieces of PE in 250 L 
chloroform. 
Compound: 
DL
[mg/kg] 
QL
[mg/kg] 
2,6-di-tert-butyl-p-benzoquinone 8 27 
2,4-di-tert-butyl phenol 0.9 3.1 
3,5-di-tert-butyl-4-hydroxy benzaldehyde 0.8 2.7 
3,5-di-tert-butyl-4-hydroxy aceto phenone 0.4 1.5 
3-(3,5-di-tert-butyl-4-hydroxyphenyl) methyl propanoate 0.5 1.8 
Irganox® 1076 25 84 
It is important to validate the quantification technique and confirm that all relevant 
species have been completely extracted from the polymer. As often described in the 
literature, polymer pieces with a known additive composition are prepared. These pieces 
are then used to define whether the extraction time and temperature are appropriate for 
extracting a polymer with an unknown additive concentration (Haider & Karlsson 1999 
and Lundbäck et al. 2006). However, the disadvantage is that it requires an opportunity 
to form polymer pieces with a known additive concentration with a homogeneous 
composition. Denberg et al. (Submitted no. 1) describe three techniques which extract 
additives and degradation products from a polymer: 
1. Rotary Microtome makes defined cuts with a thickness of 5 m of the polymer. 
2. Diffusion coefficients for organic compounds in PE materials reported in the 
literature and the use of Fick’s second law of diffusion encourage computing the 
needed extraction time for both antioxidants and small degradation products.  
3. Chloroform is a proper solvent to extract phenols as antioxidants at room 
temperature. This is based on the Hildebrand solubility parameters found in 
Barton (1991). 
Combining the knowledge of diffusion coefficients, Fick’s second law of diffusion 
together with the opportunity for making defined cuts with a thickness of 5 m, 24 
hours of extraction in chloroform was found to be appropriate for LDPE and PEX 
materials containing organic compounds as Irgafos® 168 (647 g/mol) and compounds 
with a smaller molar mass. This is presented in Figure 5 which illustrates the needed 
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extraction time as a function of the molar mass of the migrant. The Figure presents the 
effect of changing the thickness of the cuts and increasing the PE density by extracting 
HDPE. The needed diffusion time for obtaining equilibrium is based on a statistically 
determined diffusion coefficient for organic compounds in PE. The equation ensures 
that the chance for having a needed extraction time larger than the computed is only 
2.5%. (Denberg et al. (Submitted no. 1)) 
Figure 5: Illustration of the relationship between the migrant molar mass and needed time to extract 99% 
of a given migrant in PE for polymer thicknesses of 5, 20 and 100 m, respectively. The molar masses of 
Irganox® 1076, Irgafos® 168 and Irganox® 1330 and 1010 are shown on the x axis, i.e. 531 g/mol, 647 
g/mol, 775 g/mol and 1178 g/mol. The solid lines are for LLDPE and LDPE materials and the dotted lines 
illustrate the needed extraction time for MDPE and HDPE materials. (A copy of Figure 1 in Denberg et 
al. (Submitted no. 1)) 
One of the main advantages of the method in Denberg et al. (Submitted no. 1) is its 
ability to detect local deviances in concentrations. For example, two concentration 
profiles are presented in Denberg et al. (Submitted no. 1) for Irganox® 1076 located 2 
cm from each other. One of the concentration profiles had a mean concentration 
approximately 3 times larger that the second profile. By applying a two-way ANOVA 
analysis, the antioxidant concentration was concluded to be heterogeneous in the 
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longitudinal direction in the analyzed PEXa pipe. However, there was a homogeneous 
composition of the antioxidant in the radial direction in the pipe wall. Moreover, the 
homogeneity of the degradation products was detected. The composition of 2,6-di-tert-
butyl-p-benzoquinone was found to be homogeneous in the radial and longitudinal 
directions. 2,4-di-tert-butyl phenol was homogeneous in the radial direction but 
heterogeneous in the longitudinal direction. 
The method documented in Denberg et al. (Submitted no. 1) is able to detect five 
degradation products and two antioxidants (Irgafos® 168 and Irganox® 1076). 
However, as mentioned earlier, more than 100 different organic compounds were 
detected in water exposed to polyethylene. This means that there is a broad range of 
possible species that can be extracted and quantified from a polyethylene pipe. 
However, the identification of every migrant in the polymer matrix requires expertise 
for reading the mass spectrometry results.  
The method in Denberg et al. (Submitted no. 1) was developed for extracting additives 
or other species smaller than Irgafos® 168. However, it can not be neglected that the 
pipe manufactures have used additives that are too large to be detected in the GC. This 
means that there is a need to quantify and identify other larger additives, for which the 
LC-MS (liquid chromatography and mass spectrometry) is the main piece of equipment 
to perform such measurements. The comprehensive book by Bolgar et al. (2008) is 
recommended in the process of identifying unknown compounds, as it contains mass 
spectrums for the majority of the additives on the market. 
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7. Modeling of antioxidant depletion in 
polyethylene pipes 
When computing the rate of organic compounds’ migration from polymer pipes to 
drinking water, it is of interest to define the main source of migration in the lifetime of 
the pipe. In Section 4.3 it is mentioned that three groups of migrants are expected; 
broken PE chains with a polar oxygen group, degradation products and antioxidants. 
The broken PE chains are expected to be the group removed first followed by the 
degradation products with only one aromatic or cyclic nucleus. Finally, the antioxidants 
will be the only source of organic compounds, i.e. the source of antioxidant depletion is 
of potential interest in a long term perspective. 
7.1. Do the antioxidants degrade in water or polymer? 
In the modeling process the sources of the depletion is important to specify. Smith et al.
(1992) have used the theory derived in Gandek et al. (1989-1 & 1989-2) which is a first 
order depletion of the additives at the water interface. This was shown to be valid in the 
sense of modeling the development of BHT, Irganox® 1076 and Irganox® 1010 
concentrations in polyethylene sheets exposed to water at elevated temperatures. In 
Figure 3 the obtained partition coefficients are shown at elevated temperatures, but there 
are two indicators that pinpoint that the theory in Gandek et al. (1989-1) is invalid: 
1. The experimentally-derived partition coefficients differ significantly from what 
would be expected from theoretically determined partition coefficients. This is 
because the mean partition coefficient is found to be 1.55·10-4 (Denberg et al.
2007). However, according to Denberg et al. (Submitted no. 2) it would be more 
plausible that it would be 4.8·10−6, 1.3·10−13 and 1.0·10−19 for BHT, Irganox® 
1076 and 1010. 
2. The statement claims that the only source of antioxidant depletion is the 
migration to the water phase. However, this differs from the oxidation reaction 
of the antioxidants inside the polymer matrix that are shown in Table 1 and 2. 
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Whether the method used by Gandek et al. (1989-1) and Smith et al. (1992) is the 
correct one to use is unknown. However, the derived model in Denberg et al.
(Submitted no. 2) implies that oxygen is the main source of antioxidant depletion inside 
the polymer. The depletion reaction is found to be a first order reaction with respect to 
the oxygen concentration; ][O½ 21
[IH] ∗
∂
∂
−≈ kt  (IH is one 2,6-di-tert-butylphenol group on 
e.g. Irganox® 1010 or 1076). Moreover, the model presented in Denberg et al.
(Submitted no. 2) specifies the mass-transfer coefficient for which the flux in and out of 
the polymer is predefined. This means that the only unknown parameters are the 
diffusion coefficients and the rate constant. However, unfortunately the validity of the 
model was only tested on one PEX pipe exposed to turbulent water under defined flow 
conditions at 95°C and 8 ppm oxygen. Therefore, there are a number of experimental 
set-ups needed to prove that the model is valid, i.e. elevated temperature or oxygen 
concentrations, different densities of PE materials and different antioxidant 
compositions.  
The results for the PEX pipe exposure experiment are shown in Figure 6. In that Figure 
o and x are the measured Irganox® 1076 concentrations. The solid line entitled 1080 h 
is the model obtained fit. As presented in Section 6 and Denberg et al. (Submitted no. 1) 
the antioxidant composition in the PEX pipe is heterogeneous in the longitudinal 
direction. That heterogeneity is responsible for the deviating concentration profiles 
measured for Irganox® 1076 on the two locations situated 2 cm from each other. 
Moreover, the heterogeneity causes difficulties in determining the exact value for k1*. 
However, the slope of the two measured concentration profiles clearly indicates that the 
antioxidant depletion is quickest near the inner surface where the oxygen concentration 
is highest, due to the first order depletion reaction which entails the slope of the 
computed curve. 
Another way to test the validity of the model derived in Denberg et al. (Submitted no. 2) 
would be to use literature data. However, since the model requires well defined flow 
property and knowledge of the oxygen concentrations the experiments by e.g. Gandek et 
al. (1989-2) and Karlsson et al. (1992) can not be easily tested with the new model as 
they all have stagnant conditions and unknown oxygen concentrations. The stagnant 
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conditions make it complex to compute the mass-transport in and out of the polymer as 
the mass-transfer coefficient will change over time (Denberg et al. Submitted no. 2). 
Furthermore, there is the complexity of defining the oxygen concentration as it 
decreases over time. 
Figure 6: Concentration of Irganox® 1076 in PEXa pipe after 1080 hours of exposure to pure water (0 
ppm Cl) at 95°C. The solid line at 0 h is the average value measured in Denberg et al. (Submitted no. 2). 
The solid line at 1080 h is the computed concentration profile of Irganox® 1076, with the model 
presented in Denberg et al. (Submitted no. 2). The bottom line is the computed oxygen concentration after 
1080 h. The x, and o are the measured concentrations of Irganox® 1076 after 1080 h of exposure. The 
two measured profiles are located 2 cm from each other. The pipe has an inner radius of 5.8 mm and an 
outer of 8 mm. A verification of the used model implemented in Matlab is made in Appendix B. (A copy 
of Figure 2 in Denberg et al. Submitted no. 2) 
7.2. Modeling of the depletion of antioxidants exposed to 
chlorinated water 
Chlorinated drinking water is common in distribution networks worldwide, as it is 
known to be an effective safety barrier when it comes to bacteria contamination. The 
Chlorine is added as sodium hypochlorite to the water in the waterworks and has the 
advantage of being distributed with the water. However, one disadvantage is that the 
chlorination affects the taste and odors of the drinking water. Moreover, chlorination of 
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the water decreases the durability age of polyethylene pipes. This subject is not a well 
studied area as only a few articles have been published in this field. Nonetheless, it is a 
general conclusion that the reactive chlorine compound migrates into the pipe material 
and degrades the stabilizing antioxidant (Dean & Mason 2001, Hassinen et al. 2004 and 
Gill et al. 1999).  
Dean & Mason (2001) have derived a model to compute the antioxidant depletion inside 
the polymer matrix. It assumes that the antioxidants either degrade in water or with a 
second order depletion between the reactive chlorine compound and the antioxidant 
inside the polymer matrix. However, the model has not been validated on experimental 
data. 
Figure 7: Concentration profile of antioxidants measured as oxidation induction time (OIT) in the HDPE 
pipe wall at 95°C and 105°C. The solid lines are the computed profiles. At 95°C: ∇ : 0 h, x: 250 h, •: 623 
h and : 809 h. At 105°C: ∇ : 0 h, +: 90 h, : 197 h and  : 438 h. The pipe has an inner radius of 3.3 
mm and an outer of 6 mm. (Copy of Figure 3 in Denberg et al. (Submitted no. 2)) 
In the model implemented in Denberg et al. (Submitted no. 2) the second order reaction 
between the reactive hypochlorous acid and the 2,6-di-tert-butylphenol group on the 
primary antioxidants was included. Moreover, the model was tested on a PEXa pipe 
identical to the one exposed to pure oxygen saturated water. However, the experimental 
results did not clearly indicate that hypochlorous acid would migrate into the polymer 
and quickly degrade the antioxidant. The reason is that the diffusivity in PEX materials 
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is of such a level that hypochlorous acid quickly (within a few days of exposure) 
saturates the PEX material. Therefore, the second order depletion reaction with the 
antioxidant (Irganox® 1076) takes place equally through the pipe wall. Moreover, the 
depletion reaction was not evidently seen, which means the reaction between Irganox® 
1076 and hypochlorous acid can not be deduced in the PEXa pipe. Instead, the model 
was applied to experimental data by Hassinen et al. (2004) that clearly indicated 
antioxidant depletion near the inner pipe wall due to exposure to chlorinated water. 
Moreover, the experiment by Hassinen et al. (2004) has the advantage of exposing the 
pipe with well defined flow properties. The results turned out positive as it was possible 
to obtain a proper fit to the data, presented in Figure 7 where a HDPE pipe containing 
the stabilizers Irganox® 1010 and Irgafos® 168 is exposed to chlorinated water (3 ppm) 
at turbulent flow conditions.
7.3. Composition of the consumers’ tap water  
In Section 5 it was presented that the maximum obtainable concentration of Irganox® 
1010 in the consumers’ drinking water is 0.2 mg/L. That is based on the theory which 
assumes that antioxidants migrate to the water and is the only source of antioxidant 
depletion in polymers exposed to water.  
By applying the knowledge of the maximum concentrations of Irganox® 1010 and 
Irganox® 1076 and their theoretical water polyethylene partition coefficients a new 
maximum outlet concentration can be computed. According to the Water Panel 2004, 
Irganox® 1010 and Irganox® 1076 have concentrations up to 2 g/kg and 1 g/kg in 
Danish PE pipes, respectively. The theoretical water polyethylene partition coefficients 
for Irganox® 1010 and Irganox® 1076 are presented in Denberg et al. (Submitted no. 2) 
and expected to be 1.0·10-19 and 1.3·10-13. This implies a concentration of 2.0 ag/L (1 ag 
= 10-18 g) for Irganox® 1010 and 1.3 pg/L (1 pg = 10-12 g) for Irganox® 1076. 
However, the degradation of the antioxidants inside the polymer will form quinones, 
ketones and phenols with varying numbers of aromatic and cyclic nuclei (Piringer & 
Baner 2000). The smallest degradation products with only one cyclic or aromatic 
nucleus, e.g. 2,6-di-tert-butyl-p-benzoquinone and 2,4-di-tert-butylphenol, will then be 
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the main source of the migration of organic compounds in the lifetime of the pipe. This 
is based on their theoretical water polyethylene partition coefficients, 1.3·10-4 and 
1.0·10-5 for 2,6-di-tert-butyl-p-benzoquinone and 2,4-di-tert-butylphenol, respectively 
(ACD/LogP see the Bibliography in Section 10). In other words, degradation products 
are expected to appear in water in higher concentrations than the larger and more non-
polar antioxidants. 
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8. Perspectives – utilization of the current 
research 
The project has covered a broad spectrum within investigating organic species’ 
migrating from polymer pipes to drinking water. It appears from the literature that the 
three groups of migrants are broken PE chains with a polar oxygen group, antioxidants 
and quinones, ketones and phenols as degradation products. It has been illustrated that 
the migration of organic compounds increases when the flow domain changes from 
laminar to turbulent. Finally, it has been shown that the antioxidants added to stabilize 
the polymer are most likely depleted inside the polymer into degradation products that 
will migrate to the water in the lifetime of the pipe. These findings serve as a basis for 
further research. 
In Denberg et al. (Submitted no. 2) a model is developed to compute the change in 
concentration profiles of antioxidants inside the polymer. This model could be further 
developed to include the degradation products of the antioxidants formed by the 
oxidation process of the polymer. There is a great need to know the degradation 
products of the antioxidants since their chemical structure affects the chemical 
parameters that are required for the model computations. According to Pospíšil et al.
(2002) and Habicher et al. (2005) and a book chapter in Piringer and Baner (2000) there 
is no straightforward way to stipulate which degradation products a certain antioxidant 
forms. The reason is that reactions occur internally between the antioxidants in their 
stabilization of the polymer. This means there are quinones, ketones and phenols formed 
with varying numbers of aromatic and cyclic rings. 
As presented earlier in this thesis, polymer pipes initially consist of three groups of 
compounds that will be released into the water. These compounds will be released to the 
water in different time periods in the pipes’ lifetime. The small polyethylene chains with 
a polar group and the degradation products of the antioxidants formed in the extrusion 
of the pipe will be removed in the “first period” of a pipe’s lifetime. However, if this 
period is exceeded the main contributor to the release of organic compounds will be 
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phenols, ketones and quinones formed inside the polymer pipe as degradation products 
of the antioxidants. This period is entitled as the “second period”. 
Table 6: Computed exposure time for removing 90% of degradation products formed in the 
manufacturing of the pipe, t90%. The flow rate is assumed to be turbulent and at room temperature. It is 
assumes that the only degradation product formed is 2,6-di-tert-butyl-p-benzoquinone. The pipe 
dimensions for LDPE is a common size for PEX pipes, and for HDPE pipes in the distribution networks. 
The diffusion coefficient is computed with the use of Equation (1) in Denberg et al. (Submitted no. 1).  
“Upper and lower 95% CL” indicates the upper and lower limit of the 95% confidence interval of the 
expected diffusion coefficient in the given material. The model applied in Denberg et al. (Submitted no. 
2) was used, and the compound was assumed no to evaporate to the surrounding air. 
LLDPE & LDPE 
dinner = 14 mm, douter = 18 mm 
MDPE & HDPE 
dinner = 18 cm, douter = 20 mm 
Dp [m2/s] t90% Dp [m2/s] t90% 
Upper 95% CL 1.0·10-12 300 days 4.8·10-13 170 years 
Mean 7.5·10-14 800 days 2.0·10-14 220 years 
Lower 95% CL 5.6·10-15 18 years 8.9·10-16 900 years 
The length of this “first” and “second period” is computed by assuming that 2,6-di-tert-
butyl-p-benzoquinone is the only compound formed in the extrusion of the pipe. In 
Table 6 the required exposure time with water at turbulent flow conditions and at room 
temperature to remove 90% of the compounds in LDPE or HDPE is shown. It appears 
that the first period will be three years for LDPE pipes with a size of a typical household 
installation pipe. However, HDPE pipes in the distribution network will be in the “first 
period” for more than 200 years. In other words, the pipe will typically never enter the 
“second period” in the practical lifetime for a HDPE pipe (approximately 100 years). 
According to the materials degree of crystallinity the diffusion coefficients of the 
migrants in PEX pipes are smaller than in LDPE pipes. This implies that the length of 
the PEX pipes’ “first period” will be shorter than the computed three years for LDPE 
pipes. Defining the length of the “first period” requires experimentally determined 
diffusion coefficients for migrants in PEX materials; however an estimated time would 
be about a year. 
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In Denberg et al. (Submitted no. 1) it was shown that the antioxidant composition in a 
specific PEXa pipe was heterogeneous in the longitudinal direction. Accordingly, in 
order to obtain a representative picture of the overall migration of organic compounds 
from a PE pipe, the ISO 8795:2001 certification should specify that a “large” piece of 
the pipe should be exposed to water, e.g. 10 m or more. However, this heterogeneity 
aspect should be further investigated. 
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9. Conclusions 
An equation for computing the outlet concentration of organic compounds in new PE 
pipes is derived. The equation indicates that the migrant concentration in the pipe, its 
diffusion coefficient in water and its partition coefficient are the chemical parameters 
which have an effect on the contaminant concentration in water exposed to PE pipes. 
The physical parameters of importance are found to be the pipe diameter, flow rate and 
length of the pipe.  
The flow rate of the water is of significant importance. This is because at flow rates 
seen in main pipelines the flow may become turbulent which increases the rate of 
migration significantly compared to water with a laminar flow. This means that in water 
which changes from laminar to turbulent flow, an increased contaminant concentration 
in the outlet of a given pipe can be expected. In such a case, a decrease in residence time 
will not decrease the outlet concentration, but rather the contrary situation would be 
expected.  
A new model to compute the change in antioxidant concentrations in a polyethylene 
pipe exposed to water containing oxygen and hypochlorous acid is developed. The 
migration of species is based on mass-transfer coefficients, diffusion coefficients in the 
polymer, water polyethylene partition coefficients, rate of reaction between oxygen and 
the polyethylene chains and the antioxidants rate of reaction with hypochlorous acid. 
The mass-transfer coefficients are determined by using a system with defined flow 
properties, and the partition coefficients are estimated on the basis of water n-octanol 
partition coefficients. The model is shown to be valid for describing concentration 
profiles of Irganox® 1076 in a PEXa pipe and Irgafos® 168 and Irganox® 1010 in a 
HDPE pipe exposed to water containing oxygen and hypochlorous acid. 
The model indicates that the flux of antioxidants into the water does not contribute to 
the experimentally-determined antioxidant depletion. The source of the depletion of the 
antioxidants is a first order reaction occurring inside the polymer matrix between 
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oxygen and the polyethylene chains. The presence of hypochlorous acid in the water 
generates a second order degradation of Irganox® 1010 and 1076 in the polymer matrix.  
The maximum concentration of a migrant in water flowing in a PE pipe is the product of 
the migrants’ partition coefficient and its concentration in the polymer matrix. By using 
this and the new model for depletion of antioxidants in the polymer matrix it is possible 
to estimate the maximum concentration of Irganox® 1010 in drinking water exposed to 
PE pipes in Denmark, expected to range between 1.5 and 2.0 ag/L (1 ag = 10-18).  
An extraction technique has been developed to quantify the concentration of Irganox® 
1076 in a PEX pipe and five degradation products. The method is designed so it can 
measure the concentrations in the pipe wall with intervals of 0.2 mm, i.e. for a pipe with 
a wall thickness of 2 mm the concentration can be specified at up to ten locations. With 
the use of Fick’s second law of diffusion, it has been found that 24 hours of extraction 
in chloroform are sufficient to ensure a 99% equilibrium when extracting Irgafos® 168 
(647 g/mol) or smaller from forty 5 m thick PEX slices that are made by a rotary 
Microtome.  
The present work indicates that a new pipe releases the highest amount of organic 
compounds as it mainly leaches small polyethylene chains with a polar oxygen group 
and degradation products with one aromatic or cyclic nucleus that are formed in the 
manufacturing of the pipe. After a certain water exposure time – a year for PEX pipes, 
all the degradation products in the PE matrix are removed to the water. Thereafter, the 
only migrants that will be released in the lifetime of a PE pipe will be degradation 
products, such as phenols, ketones and quinones, which will be formed in the depletion 
of the antioxidants. However, the smaller diffusivity of the migrants in HDPE pipes 
compared to PEX and LDPE pipes, signify that the degradation products formed in the 
manufacturing steps can not be removed completely in the practical lifetime of the pipe.  
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11. List of abbreviations and nomenclatures 
Abbreviation: Description: 
ANOVA ANalysis Of VAriance 
AOC Assimilable Organic Compounds 
(AO)3P Tris(2,4-di-tris-butylphenyl) phosphite – Irgafos® 168 
(AO)3P=O Tris(2,4-di-tris-butylphenyl) phosphate 
BHT Butylated hydroxytoluene 
DTU Technical University of Denmark 
GC-MS Gas Chromatography and Mass Spectrometry 
HALS Hindered Amine Light Stabilizers 
H2O Water 
HDPE High Density Polyethylene 
HO2• Hydrogendioxide radical 
I• Dissociated 2,6-di-tert-butylphenol group 
IH 2,6-di-tert-butylphenol group 
ISO International Organization for Standardization 
LC-MS Liquid Chromatography and Mass Spectrometry 
LDPE Low Density Polyethylene 
LLDPE Linear Low Density Polyethylene 
MDPE Medium Density Polyethylene 
NVOC Non Volatile Organic Carbon 
O2 Oxygen 
PE Polyethylene 
PE/Al/PE Polyethylene with a film of aluminum in the middle 
PEX Cross-linked polyethylene pipe 
PEXa Cross-linked polyethylene pipe type A 
PEX/Al/PEX Cross-linked polyethylene with a film of aluminum in the middle
PP Polypropylene 
PVC Polyvinylchloride 
R• Alkyl radical 
RH Hydrocarbon in a polyethylene chain 
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RO• Alkyl Oxide radical 
RO2• Peroxy radical 
RO2H Hydroperoxide 
ROH Alcohol 
TOC Total Organic Carbon 
UWT Urban Water Technology research school 
VOC Volatile Organic Carbon 
  
Nomenclatures: Description: [SI-unit] 
Latin Letters  
ci & [i] Molar concentration of specie i [mol m-3] 
CL Confidence Limit 
dinner Inner pipe diameter [m] 
Dw,i Diffusion coefficient of specie i in water [m2/s] 
Ji Molar flux of species i through the interface [mol m2 s-1] 
ki Mass-transfer coefficient [m/s] 
∗
1k  First order rate constant [s
-1] 
Kw/p,i Water polyethylene partition coefficient of specie i [-] 
L Length of pipe [m] 
OIT Oxidation Induction Time [s] 
Q Volume flow rate in pipe [m3/s] 
QL Limit of Quantification [kg/m3] 
v Flow velocity in pipe (v = 4Q/( (dinner) 2)) [m/s] 
Greek Letters
 Viscosity [kg m-1 s-1] 
	 Density [kg/m3] 
Dimensionless Groups
Shln,i & Shloc,i Logarithmic mean and local Sherwood number (Shi = 
kidinner/Dw,i) [-] 
Re Reynolds number (Re = 	 v dinner/
) [-] 
Sci Schmidt number (Sci = 
/(	 Dw,i)) [-] 
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12. Appendices 
A: List of compounds detected in water exposed to PE materials. 
B: Verification of model used in Denberg et al. (Submitted no. 2). 
C: Denberg, M. Arvin, E. & Hassager, O. 2007. Modelling of the release of organic 
compounds from polyethylene pipes to water, Journal of Water Supply: Research 
and Technology—AQUA, vol. 56 no. 6–7, p. 435-443.  
D: Denberg, M. Mosbæk, H. Hassager, O. & Arvin, E. (Submitted to Polymer Testing) 
Determination of the concentration profile and homogeneity of antioxidants and 
degradation products in a cross-linked polyethylene type A (PEXa) pipe. 
E: Denberg, M. Hassinen, J. Hassager, O. & Arvin, E.  (Submitted to Water Research) 
Modeling the degradation of antioxidants in polyethylene drinking water pipes 
exposed to oxygen and hypochlorous acid. 
Appendix C, D and E are not included in the this electronic version but can be obtained 
from the Library at DTU Environment, Miljøvej, Building 113, Technical University of 
Denmark, DK-2800 Kgs. Lyngby, (library@env.dtu.dk).

Appendix A: 
List of compounds detected in water exposed to PE materials 

List of compounds detected in water exposed to PE materials 
Table of compounds related to antioxidants, identified in water in contact with 
polyethylene material. 1. Ho et al. (1994). 2. Anselme et al. (1985 & 1986). 3. Skjevrak 
et al. (2003). 4. Koch (2004). 5. Nielsen et al. (2005). 6. Hametner (1999). 7. Brocca et 
al. (2002). PP is polypropylene which also is a polyolefin as PE. 
Compounds class:  Compound name:  PE type: 
Paraffins: C-11 to C-18 HDPE1
Olefins: C-7 to C-18 HDPE1 
Alkanes: n-Octane to n-Octadecane HDPE1 
 2,2,4-trimethyl pentane HDPE2 
 di-tert-butoxymethane PEX4
 Tridecane PEX/Al/PEX4
Alkenes: 1-Octene to 1-Octadecene HDPE1 
 2,3-dimethyl-1-butene PEX4
Alcohols: tert-butanol PEX3
 2-Methyl-2-butanol PEX/Al/PEX4
 2-Methyl-2-propanol PEX4 & PEX/Al/PEX4
 3-Methyl-3-pentanol PEX/Al/PEX4
 3-methyl-2-buten-1-ol PEX/Al/PEX4
 2,5-dimethyl-2,5-hexandiol PEX/Al/PEX4
 1-methoxy-2-methyl-2-propanol PEX/Al/PE4
 1-octanol PEX/Al/PE4 & 
PEX/Al/PEX4
 2-phenyl-2-propanol PE/Al/PE4 & 
PEX/Al/PEX4
 2-methyl-2-((2-methyl-2-
propenyl)oxy)-1-propanol PEX4
 3,3-dimethyl-2-butanol PEX/Al/PEX4
 1,3-dichlor-2-methyl-2-propanol PEX/Al/PEX4
Ethers: Methyl-tert-butyl ether HDPE3
 Dimethoxypropane PEX/Al/PEX4
tert-butyl isobutyl ether PEX3
tert-butyl-methylether PEX4 & PEX/Al/PEX4
tert-butyl-ethylether PEX4 & PEX/Al/PE4 & 
PEX/Al/PEX4
 Tetra-hydrofurane PEX/Al/PE4 &  
PEX/Al/PEX4
 2,5-dihydrofuran PEX/Al/PE4 & 
PEX/Al/PEX4
 di-tert-butoxymethane PEX4
Aromatic 
hydrocarbons: 
Toluene HDPE3+ PEX/Al/PE4 & 
PEX/Al/PEX4+ 
PEX/Al/PE4 
 1,4-diacetylbenzene PEX/Al/PEX4
 Benzene PEX/Al/PEX4
 1-methoxy-2-tert-butyl-6-
methylbenzene PEX/Al/PEX4
 1,3-di-tert-butylbenzene PEX/Al/PEX4
 alpha, alpha-dihydroxy-p-
diisopropyl-benzene* PEX/Al/PEX4
 Ethyl benzene HDPE3
m-, o- and p-Xylene HDPE3
 Styrene HDPE3 
 Isopropyl benzene HDPE3
n-Propyl benzene HDPE3
 Ethyl methyl benzene HDPE3
 1,3,5-Trimethyl benzene HDPE3
 1,2,4-Trimethyl benzene HDPE3
 Diphenylethylen PEX/Al/PEX4
 p-Isopropyl toluene HDPE3 
 Naphthalene HDPE3 
Cyclohexenes: Limonene HDPE3 
   
Ketones: 2-Propanone PEX/Al/PEX4
 2-Decanone HDPE3
 2-Undecanone HDPE3 
 2-Dodecanone HDPE3+PEX3 
 4-Methylpent-3-en-2-one PEX3
 Dihydrofuran-2(3H)-one HDPE3 
 4-methyl-2-pentanone PEX/Al/PEX4
 2-hexanone PEX/Al/PEX4
 4,4-dimethyl-2-pentanone PEX4
 5-methyl-2-hexanone PEX4
 1-(4-(1-methylethyl)phenyl)-
ethanone PEX/Al/PEX4
 7,9-di-tert-butyl-1-oxaspiro[4,5]-
deca-6,9-dien-2,8-dione 
PE4+PEX4+PE/Al/PE4+ 
PEX/Al/PEX4 & PP4
 2,4-dimethylphenyl-1-propanone PEX/Al/PEX4
 2-methyl-2-(1-methylethoxy)-
propane PEX4
 2,6-di-tert-butyl-4-
methylcyclohexadiene-1-one HDPE1  
 3-(1,1-di-methylethyl)-2,5-
furandione PEX/Al/PEX4
 Acetophenone PEX/Al/PEX4
 1-(4-ethylphenyl)ethanone PEX/Al/PEX4
 3,5-di-tert-butyl-4-
hydroxyacetophenon LDPE7+PEX7+MDPE7
m-Hydroxyacetophenon PEX/Al/PEX4
 3,3'-dimethyl-1-indanone PEX/Al/PEX4
Aldehydes: Nonanal HDPE3 
 Decanal HDPE3 
 Hexanal to Decanal HDPE1 
 Benzaldehyde-dimethylacetal PE/Al/PE4
   
 3,5-di-tert-butyl-4-
hydroxybenzaldehyde PEX4 & PEX/Al/PEX4
Esters:  Butyl acetate HDPE3 
 Ethyl hexanoate HDPE3 
 Hexyl acetate HDPE3 
 Propyl hexanoate HDPE3 
 Butyl hexanoate HDPE3 
 Ethyl octanoate HDPE3 
 Hexamethyl butanoate HDPE3 
 Isobornyl acetate HDPE3 
 Hexyl hexanoate HDPE3 
 Ethyl decadienoate HDPE3 
 2,2,4-Trimethyl-1,3-pentanediol-
diisobutyrate HDPE3 
tert-butylisopropylester PEX4
 Phenylaceticacidethylesters PEX/Al/PE(X)4
 Hexanonacidmethylester PEX/Al/PEX4
 3,3-thio-bis-
propaneaciddimethylester PEX/Al/PEX4
 Acetic acid-1,1-dimethyl-
ethylester PEX/Al/PEX4
Phtalates: (Compound not specified) HDPE2 
Quinone 2,6-di-tert-butyl-p-benzoquinone LDPE7+MDPE7+ 
HDPE2,3,5+ 
PE4+PEX4+ 
PEX/Al/PEX4+ 
Organic acids: 2,4,6-tri-tert-butylbenzoic acid PEX/Al/PE4 & 
PEX/Al/PEX4
 Octanoic acid PEX/Al/PEX4
 Decanoic acid PEX/Al/PEX4
 Dodecanic acid PEX/Al/PEX4
   
 3-(3,5-di-tert-butyl-4-
hydroxyphenyl)-propionic acid 
PE4 & PEX4 & 
PEX/Al/PEX4
Peroxides: di-tert-butylperoxide PEX/Al/PEX4 & PEX4 
Phenols: Phenol PEX/Al/PEX4
 Methyl-3-(3,5-di-tert-butyl-4-
hydroxy-phenyl)-propionate 
PE/Al/PE4 & 
PEX/Al/PEX4
 4-ethylphenol LDPE7,5 
 2-tert-butylphenol PEX4 & PEX/Al/PEX4
 3-tert-butylphenol PEX/Al/PE4 & 
PEX/Al/PEX4
 4-tert-butylphenol LDPE7 
 2-tert-butyl-6-methyl phenol HDPE1  
 4-methyl-2-tert-butyl phenol HDPE2  
 4-Butoxy phenol PEX3 
 2,4-di-tert-butyl phenol MDPE7+HDPE3,5+PP6+ 
PE4+PEX4+ 
PEX/Al/PEX4+ 
PEX/Al/PE4
 2,6-di-tert-butylphenol PEX4
 ?-di-tert-butylphenol PE4+PEX4+ 
PEX/Al/PEX4+ 
PP4
 3,5-di-tert-butyl-4-hydroxy 
styrene LDPE7+MDPE7+HDPE5
 4-Methyl-2,6-di-tert-butyl-phenol 
(BHT) 
HDPE1,2,3+ PE4+PEX4+ 
PEX/Al/PEX4+ 
Others: Benzothiazol PEX4
tert-butylhypochlorite PE4 & PEX4 & 
PEX/Al/PEX4

Appendix B: 
Verification of model used in Denberg et al. (Submitted no. 2) 

Verification of model used in Denberg et al. (Submitted no. 2) 
The model used in Denberg et al. (Submitted no. 2) makes numerical computations to 
determine the change in concentration in a pipe-wall exposed to flowing water. That 
may cause completely incorrect results, even with minor mistakes in the program code. 
Therefore, to verify that the model works probably an identical pipe system is made in 
COMSOL Multiphysics 3.4. The outputs from the two programs are presented in Figure 
8. The result indicates that there is a minor deviance. This is normally seen when 
numerical computations are made and do not indicate that the program used in Denberg 
et al. (Submitted no. 2) make incorrect computations.  
Figure 8: The computed concentration profile of Irganox® 1076 in the PEXa pipe exposed in Denberg et 
al. (Submitted no. 2). The exposure time is 809 h. The physical and chemical parameters are identical to 
the one applied to make Figure 2 in Denberg et al. (Submitted no. 2). Except that there are no depletion 
reactions with oxygen and HOCl and the water polyethylene partition coefficient for Irganox® 1076 is 
changed to 1.210-5. The dotted line is made by the model used in Denberg et al. (Submitted no. 2) and the 
solid line is computed in COMSOL Multiphysics 3.4. The pipe has an inner radius of 3.3 mm and an 
outer radius of 6.0 mm. 

Appendix C: 
Denberg, M. Arvin, E. & Hassager, O. 2007. Modelling of the 
release of organic compounds from polyethylene pipes to water, 
Journal of Water Supply: Research and Technology—AQUA, 
vol. 56 no. 6–7, p. 435-443.  

Appendix D: 
Denberg, M. Mosbæk, H. Hassager, O. & Arvin, E. (Submitted 
to Polymer Testing) Determination of the concentration profile 
and homogeneity of antioxidants and degradation products in a 
cross-linked polyethylene type A (PEXa) pipe. 

Appendix E: 
Denberg, M. Hassinen, J. Hassager, O. & Arvin, E.  (Submitted 
to Water Research) Modeling the degradation of antioxidants in 
polyethylene drinking water pipes exposed to oxygen and 
hypochlorous acid. 
 
 
ISBN 978-87-91855-56-6
Department of Environmental Engineering
DTU Environment
Technical University of Denmark
Miljoevej, Building 113
DK-2800 Kgs. Lyngby
Denmark
Phone: +45 4525 1600
Fax: +45 4593 2850
e-mail: reception@env.dtu.dk
Please visit our website www.env.dtu.dk
